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(54) High speed hydrodynamic spindle 

(57) A machine tool assembly, and particularly a 
spindle unit therefor, is provided wherein the spindle 
unit is relatively small and is designed to run at rotary 
speeds of between 30,000 rpm's and 40,000 rpm's uti- 
lizing hydrodynamic bearings for the spindle shaft. The 
hydrodynamic bearings are effective to take increased 
loads versus similarly sized conventional metal -to-metal 
contacting bearings to provide a very stiff machining 
system even with the higher ioads generated by the 
increased rotary operating speeds tor high speed 
machining contempiated for the spindle unit herein. The 
bearings are aiso designed to use a water-based fluid 
which is compatible with the cutting fluid. Non-contact- 
ing fluid barrier seals limit and control the amount of 
bearing fluid leaked to the cutting fluid. Due to the com- 



patible nature of the two fluids, smail fluid leakage from 
the bearings will not hurt the cutting fluid. The cutting 
fluid circulated at an ambient inlet temperature, e.g. , 
70'F„ and leaves at a higher discharge temperature, 
e.g., 120°F., to cool the spindle and bearings. A cutting 
tool mounting adapter is provided which is attached to 
the spindle shaft by expansion of the shaft socket with 
high pressure hydraulics for shrink fitting of the socket 
onto the adapter when the hydraulics are removed so 
that the traditional highly tapered sockets and tool sup- 
ports are not necessary, keeping the size of the front of 
the spindle smail. The adapter also ailows a commer- 
cially available tool to be employed in the high speed 
spindle unit herein. 
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Description 

Field of the Invention 

The invention relates to a machine tool assembly 
capable of high rotary speeds for cutting white providing 
a stiff and stable system to give fast and highly accurate 
cuts. More particularly, the invention pertains to a 
machine tool assembly including a spindle unit with 
hydrodynamic bearings which allow for highly accurate 
and precise machining operations to take place with 
spindle rotary speeds being in the range of 30,000 to 
40,000 revolutions per minute. 

Background of the Invention 

High speed rotary cutting in machine tools presents 
several different problems in the design of machine tool 
assemblies, and particularly the spindles and the bear- 
ings utilized therewith. Herein high speed machining 
operations refers to machine rotary tool speeds in the 
range of over 30,000 revolutions per minute and up to 
40,000 revolutions per minute. Conventional rolling 
metal-to-metai contacting bearings or ball bearings uti- 
lized for spindles limit the rotary speeds at which the 
spindle can be driven by their DN value which is the 
product of the bearing inner diameter (D) in millimeters 
multiplied by the rotary speed of the tool in number of 
revolutions per minute (N), Larger spindles are typically 
utilized for handling the increased loads generated by 
high speed operations. These spindles have greater 
mass and create higher unit ioads on their bearings 
which are also larger to accommodate the larger spin- 
dles and their increased load bearing requirements. 
Conventional contacting bearings utilized in machine 
tools have a usuai upper limit on their DN value of 
1 ,000,000 so that at larger spindle bearing diameters 
they are pushed to their limit with respect to their DN 
value when run at high speed. At these high speeds, 
special precautions must be taken as to the bearing 
materials, lubrication and mounting to minimize the 
effects of increased friction and heat, resulting in 
increased expense associated with the bearings. Also, 
during high speed operations, any imperfections in the 
contacting surfaces of the conventional bearings, such 
as caused by wear or sudden loads on the spindle, will 
be magnified and can cause bearing failure. In this 
regard, efforts have been made to reduce the size of the 
spindle to correspondingly reduce the diameter of the 
spindle bearings to more readily allow the spindle rotary 
speed to be increased, as in U.S. Patent No. 5,322,494 
to Holtey, et a!., commonly assigned to the assignee 
herein. However, even with the smaller spindle design in 
the '494 Patent, conventional ball bearings, if used in 
this design at speeds of 30,000 to 40,000 rpm, will wear 
and eventually fail due to the extreme conditions gener- 
ated during high speed operations, including increased 
friction, heat and centrifugal forces on the bails. As the 
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bearings wear, increased levels of vibrations can occur 
reducing machining accuracy. Vibrations can also 
cause dings to develop in the contacting metal which, in 
turn, will cause the ball bearings to rapidly wear. Bear- 

s ing wear leading to eventual failure and system crashes 
raises operating costs by the increased production 
downtime as well as the expenses associated with the 
required maintenance for rebuilding the bearings. 
Thus, it is desirable that with the high speed 

10 machining described above of over 30,000 rpm, the 
spindle of the machine tool have a high load capacity 
with increased dynamic stiffness for providing stable 
and accurate operation at the high speeds where con- 
tacting bearings will eventually tail. Hydrodynamic fluid 

is bearings are known for use with spindles to provide the 
spindle with a non-contacting bearing system where 
fluid is flowed through the bearing so that a self-gener- 
ating pressure film is developed in the bearing. These 
pressures can be sufficient to sustain a considerable 

20 load and to keep rubbing surfaces of the bearing sepa- 
rated. In fluid bearings, the gradual wear problem expe- 
rienced with ball bearings is substantially eliminated as 
there is no metal-to-metal contact when the too! is oper- 
ated. In addition, catastrophic bearing failure or 

sb "crashes" will only occur in extreme instances such as 
where an unusually large load for a long duration 
decreases the fluid film to a minimum or the fluid supply 
fails. This is in contrast to the situation with mechanical 
contacting ball bearings which can undergo cata- 

so strophic failure due to lubrication failures, excessive 
loads or material failures or breakages of some sort In 
addition, momentary overloads can damage the con- 
tacting bearings leading to their failure whereas, with 
fluid bearings, as the bearing clearance is reduced dur- 

ss ing the momentary overload, the load carrying capacity 
of the bearing increases. This is due to the "squeeze- 
film load effect" with these types of momentary over- 
loads. Where the overload is of a very brief duration, 
e.g. , fractions of a second, the fluid that is trapped in the 

40 bearing will substantially stay in place because there is 
not enough time for the fluid film to be squeezed out of 
the bearing so that as long as a sufficient fluid film is 
present, there will be no metaS-to-matal contact and no 
failure of the fluid bearing. In this manner, momentary 

45 overloads will not effect the fluid bearing at all as 
opposed to their damaging consequences when con- 
tacting roller -type bearings are used. 

It is known to form hydrodynamic bearings with a 
lobe profile as with a cylindrical bearing, where the fluid 

so film has a constant film thickness all around the spindle 
journal shaft, instability can result unless the load to be 
taken by the spindle is only unidirectional. With high 
speed cutting operations of over 30,000 rpm, the design 
of the lobe profile is particularly critical and is highly 

SB dependent upon the application parameters, including 
the bearing diameter, loads, spindle shaft speeds and 
the bearing fluid viscosity. The load carrying capacity for 
hydrodynamic bearings is in direct proportion to the vis- 
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cosity of the fluid utilized. Taking these considerations 
into account, the lobe profile has to be designed appro- 
priately so that the lobe portion of the bearings converg- 
ing from the spindle is not too large so that there is not 
enough load carrying capacity in the bearing or so small 
so that there is too much heat generated in the bearing 
when operated at high speeds. Lack of sufficient load 
carrying capacity can cause instability and inaccuracies 
during machining and reduce the life of the bearings or 
lead to premature bearing failure. High temperatures 
can cause expansion of the spindle and bearing leading 
to machining errors caused by thermal deformation of 
the machine tool components. 

As previously mentioned, it is important that the 
machine tool system have good load carrying capacity 
and high stiffness for accurate machining even at the 
high operating speeds contemplated herein. At the rota- 
tional speeds of the spindie shaft of over 30,000 rpm, 
vibrations can be a significant problem with respect to 
machining accuracy and bearing wear, as earlier dis- 
cussed, especially if they get to the point where they are 
in tune with the shaft bending frequency, In this regard, 
it is desirabie to design the hydrodynamic bearing pads 
to provide the spindle shaft with a high degree of stiff- 
ness so as to avoid the onset of high speed resonant 
vibration of the spindle shaft. 

An additional problem with fluid bearings is that 
where different bearing and cutting fluids are utilized, 
proper sealing between the different fluids must be 
present. Thus, when an oil-based bearing fluid is used, 
any loss of sealing from the cutting fluid, which is typi- 
cally a water-based fluid, is to be avoided. However, at 
high rotary speeds of over 30,000 rpm, conventional 
contacting seals will quickly wear to the point where 
their sealing function is lost so that contacting seals 
cannot practically be used at the high operating speeds 
to seal and isolate the oil -based bearing fluid from the 
wafer-based cutting fluid and prevent potential contami- 
nation of the cutting fluid with the bearing fluid. Accord- 
ingly, it is desirable to provide for high speed machining 
operations where the seal utilized to keep the bearing 
fluid from the cutting fiuid will not fail at high operating 
speeds and, if there is any leakage of the bearing fluid 
info the cutting fluid, it will not hurt the lubrication and 
cooling functions of the cutting fluid by mixing a different 
fluid therewith. 

The typical too! holder is too large in terms of its 
mass and size for use with the high speed spindle 
design herein. In these prior tool mounting arrange- 
ments, the cooperating tapers providing on the tool 
holder and in the spindle were fairly large such that the 
bearings either had to be too large reducing the speed 
with which the spindle could be driven, or resulted in a 
greater cantilever out forwardly from the front bearings 
on the spindle, increasing the bearing load and instabil- 
ity of the machine tool. Also, with larger size and mass 
tool holders, the time required for accelerating them up 
to the desired cutting speed and decelerating them 



down upon completion of a cutting operation for tool 
changeover is increased. Where several successive 
and different machining operations requiring different 
cutting tools takes place, any lost time such as that due 

5 to increased time for accelerating or decelerating the 
fool to and from the desired speed leads to machining 
inefficiencies. Accordingly, there is a need for a too) 
holding system which can be utilized in the present high 
speed machine too) assembly which is not so large that 

jo it cannot be driven at high rotary speeds of operation or 
generate instability in the tool. The tool hoider needs to 
be able to be coupied to the spindle for stable high 
speed rotation therewith in a rigid and stiff manner. In 
addition, the tool holder should be such that it allows for 

,5 rapid tool changeover on the spindie. 

The machine tool assembly of the present invention 
20 includes a spindfe unit supported by hydrodynamic 
bearings for high speed cutting operations at rotary 
speeds of between 30,000 and 40,000 revolutions per 
minute ("rpm's") whiie still providing a stiff and stable 
system for highly accurate machining at these high 
25 speeds. With the present invention, there is no gradual 
wear of the bearings and the potential for catastrophic 
bearing failure is substantially reduced. Preferably, the 
hydrodynamic bearings are in the form of hydrodynamic 
bearing pads positioned around the forward and rear- 
30 ward ends of the spindle shaft. The bearing pads are 
supplied with a water-based fluid which is filtered and 
recirculated through the bearing pads to continually 
flush and clean the bearing pads and cool the spindie. 
The hydrodynamic bearing system of the present inven- 
ts tion is very forgiving si the high speeds and DN values 
contemplated for the present machine tool assembly 
versus conventional bearings which wouid be pushed to 
their limit and subject to failure and crashes during such 
high speed operations. Further, for the diameter used, 
40 the hydrodynamic bearings can carry three or four times 
the load of conventional ball bearings. 

Non-contacting, fluid barrier seals are provided on 
the spindle shaft between the too! and the hydrody- 
namic bearings so as to minimize leakage of the bear- 
45 ing fluid into the curing fluid. Water-based bearing fluid 
is desirable because, in addition to improved heat trans- 
fer capabitities and environmental friendliness versus 
oil-based fluids, the cutting fluid utilized to remove chips 
from the toof/workpiece interface and for lubrication and 
so cooling of the tool thereat is also a water-based fluid so 
that the fluids are compatible. Accordingly, any leakage 
from the bearings to the cutting fluid will not hurt the cut- 
ting fiuid. In addition, since the bearing fluid is filtered 
with a finer mesh filter than the cutting fluid, any leakage 
55 into the cutting fluid will not introduce contaminates to 
the cutting fluid- In this manner, the present invention 
avoids the use of contacting-type seals which wouid be 
subject to rapid wear at the high rotary speeds of the 
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spindle herein. Thus, with the present machine tool 
assembly, the spindle shaft diameter can be relatively 
smal! such as, for example, approximately 50mm or 
1 .968 inches and the rotary drive for the tool assembly 
can rotate the spindle at speeds of over 30,000 rpm's up 
to 40,000 rpm's to provide the assembly herein with DN 
values of between 1,500,000 and 2,000,000, greatly 
exceeding that of conventional bearings without risking 
the functioning or operabitity of the bearings and con- 
tamination of the cutting fluid. 

In the preferred form of the invention, the bearing 
member has front and rear inner inclined surfaces 
which extend around corresponding spindle outer front 
and rear flared portions so that the facing sections of 
the bearing member inner inclined surfaces and spindle 
outer flared portions cooperate to form the spaced 
lobed bearing pads. The sections of the bearing mem- 
ber annular surface have a slightly larger radius of cur- 
vature than the corresponding facing flared portion 
sections which provides the pads with their lobe profile. 
With the spindle shaft diameter preferably sized at 
1.968 inches and driven at speeds of up to 40,000 
rpm's, the preferred radius of curvature for the bearing 
member annular surface sections is measured from a 
point offset approximately 0.004 inches from the center 
of the spindle flared portion sections along the rotation 
axis to provide the pads with their canted lobe profile. 
The preferred difference in curvature of 0.004 inches 
gives the bearing pads the proper ioad carrying capac- 
ity without sustaining energy losses and creating too 
much heat in the bearings during high speed operations 
of the spindle. The heat generated in such high velocity 
machining is kept within tolerable limits by circulating 
liquid through the liquid bearings to remove heat from 
the spindle and bearings. In the example described 
herein, the heat of the incoming liquid is about 70°F. (an 
ambient temperature, and about 120°F. when discharg- 
ing from the tool. 

in one form, at least four bearing pads are formed 
around the spindle shaft at both the front and rear flared 
portions thereof to minimize vibrations and stabilize the 
spindle during high rotary speed machining operations. 
Preferably, five equaliy-spaced bearing pads are formed 
around the spindle shaft so as to provide the shaft with 
high levels of dynamic stiffness and to avoid the onset of 
harmonic vibrations during high speed machining oper- 
ations. 

A tool receiving mount can be provided at the front 
of the spindie shaft for receiving and securely capturing 
the shank of the cutting tool therein with the cutting sur- 
face of the tool projecting forward ly of the tool mount for 
engagement with the workpiece. The fool receiving 
mount captures the tool shank by either expanding the 
spindle tool mount or contracting the tool shank so that 
the too! shank can be inserted into the axial mounting 
bore of the tool mount whereby subsequent contraction 
of the mount if expanded or expansion of the shank if 
contracted causes the application of a clamping force by 



the mount onto the shank. The tool receiving mount can 
be provided as an adapter unit which is separate and 
distinct from the spindle shaft. Preferably, the adapter 
unit is formed of a material so that it is expanded by 

5 heating to between 400°F. to 500°F, whereupon it is 
shrink-fit tightly onto the mounting shank of the tool. In 
this manner, the adapter unit becomes an integrated 
unit with the cutting tool. For rapid tool changeover, dif- 
ferent tools can be pre-mounted in their own adapter 

ic units which can be placed in a tool magazine or carou- 
sel for mounting to the spindie to change cutting tools. 

To mount the adapter to the spindle shaft, the spin- 
dle shaft includes a mounting bore or socket at its for- 
ward end and a hydraulic conduit system for directing 

is high pressure hydraulic fluid to the mounting bore. Upon 
appiication of the high pressure fluid into the hydraulic 
conduit system, the mounting bore is expanded which 
allows the adapter unit to be pulled and seated in the 
spindle mounting bore with an anchor tool. When the 

zo hydraulic pressure is removed from the bore, the bore 
surfaces will collapse around the adapter unit so as to 
tightly couple the adapter unit to the spindle shaft. The 
hydraulic fluid can be supplied to the conduit system at 
pressures in the range of 9000 psi to 12,000 psi to 

25 expand the bore for insertion of the adapter unit into the 
bore. When the tool is to be changed by removing the 
adapter unit from the spindie bore, the anchor fool is uti- 
lized to loosen the adapter unit with hydraulic pressure 
then being applied to the conduit system to once again 

30 expand the bore allowing the adapter unit to be 
removed from the spindle. With the high pressure 
hydraulics taught herein, a tool change can be effected 
in approximately one minute. 

35 Brief Description of the Drawings 

FiG. 1 is an elevational view, partially in section, of 
the machine fool assembly showing a spindle unit 
coupled to a rotary drive; 

40 FIG. 2 is an enlarged sectional view of the spindle 
unit of FIG. 1 showing a bearing member mounted 
concentrically about a spindle shaft, a tool mount 
for carrying a cutting tool and fluid sources for the 
bearing member and cutting fluid system; 

45 FIG. 3 is a perspective view of the bearing member 
showing water channels formed therein for supply- 
ing the bearing pads with bearing fluid; 
FIG. 4 is a front elevational view of the bearing 
member of FIG. 3; 

so FIG, 5 is a side sectional view of the bearing mem- 
ber taken along line 5-5 of FIG. 4; 
FIG. 6 is an enlarged fragmentary elevational view 
of a portion of the spindle shaft and a correspond- 
ing portion of the bearing member showing the 

5B lobed profile of the bearing pads in magnified form; 
FIG. 7A is an enlarged sectional view of the tool 
mount of FIG, 2 and a cutting tool with the tool 
mount in the form of an adapter unit mounted at the 
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front of the spindle shaft for carrying the cutting tool 
therein; 

FIG, 7B is arc enlarged view of the adapter unit of 
FIG, 7A expanded tor allowing the shank of the cut- 
ting tool to be inserted in its axial bore; 
FIG. 7C is a view similar to FIG. 7B showing shrink- 
ing of the adapter bore onto the tool shank; 
FIG. 8 is a front elevational view of the spindte unit 
taken along line 8-8 of FIG. 2; 
FIG. 9 is an enlarged sectional view of the damping 
of the spindle unit to a support and coupling section 
for connecting the spindle to the rotary drive; and 
FIG. 10 is a sectional view of an alternative clamp- 
ing arrangement utilizing an automatic spring clamp 
mechanism for connecting the spindle unit to the 
coupling section. 

Detailed Description of the Preferred Embodiment 

The present invention is directed to a machine tool 
assembly which has a rotary drive 10 for rotatably driv- 
ing a spindle unit 12 as shown in FIG. 1 for high speed 
machining or cutting operations on a workpiece. The 
spindle unit 12 is adapted for high speed machining 
operations in the range of 30,000 to 40,000 rpm's and is 
particularly well suited for use in high speed machine 
tool assemblies in which the spindle and its rotary cut- 
ting tool are carried by driven elements for being rapidiy 
advanced in various directions relative to a workpiece to 
be machined, such as in the lateral X direction, the ver- 
tical Ydirection, andtheforeandaftZdirection, such as 
by linear motors. 

The spindle unit 12 has a spindle shaft 14 (FIG. 2) 
having forward end 14a and a rearward end 14b and 
extending along its axis of rotation 15. The spindle shaft 
1 4 mounts the cutting tool at its forward end 1 4a and is 
driven for high speed rotary cutting operation about its 
axis 15 by coupling with the rotary drive 10 at its rear- 
ward end 1 4b. To allow the spindle unit 1 2 of the present 
invention to be driven at the high rpm's contemplated 
herein, the bearing member 16 is a hydrodynamic bear- 
ing which is designed with a relatively small diameter D 
(FSG, 5) and with a DN value between 1,500,000 and 
2,000,000. With the rotary speed of the spindle shaft 14 
being so high, the design of the hydrodynamic fluid 
bearing pads 18 formed between the bearing member 
16 and shaft 14 takes on particular importance, in the 
present invention, the bearing pads 18 are designed 
with a canted lobe profile, as best seen in FIG- 6, and 
which will be more fully described herein. 

The bearing pads 18 at both the forward and rear- 
ward ends 1 4a and 14b of the shaft are preferably sup- 
plied by a single fluid source or sump 20 (FIG. 2) in 
which ambient temperature, e.g., 70°F, bearing fluid is 
held. As the bearing pads 18 are purely hydrodynamic 
bearings relying for their load carrying capacity on a 
self-generating pressure film therein and have a pre- 
ferred minimum operating clearance of 5 microns, the 



bearing fluid, which is preferably water for reasons dis- 
cussed hereinafter, is finely filtered down to 2 microns 
by filter elements 21 of filter 22, The finely filtered water 
is then pumped by pump 24 into a bearing water entry 

s conduit 26 formed in bearing housing member 28. The 
bearing water conduit 26 directs the bearing fluid to 
water channels 30 formed between the bearing member 
16 and housing 28 for providing bearing fluid to the 
bearing pads 18 as more fully described herein. The 

io bearing fluid exits the spindle unit 1 2 and removes a sig- 
nificant amount of heat from the spindie which is gener- 
ated during high speed operations thereof for cooling 
the spindle shaft 14, The exit temperature of the bearing 
water is approximately 120°F. The hot bearing water is 

rs returned to sump 20 where it can be brought down to 
ambient temperature, re-filtered and repumped to the 
bearing pads 1 8 at a rate of approximately 3 to 4 gallons 
per minute during cutting operations with the machine 
tool assembly. Thus, the pump 24 supplies the bearing 

20 pads 1 8 with cool, filtered and recirculated bearing fluid 
to continually flush and clean the bearing pads and cool 
the spindle. In this manner, the bearing pads 1 8 are kept 
clean and free from any contaminants that can have del- 
eterious effects on their functioning and load bearing 

25 capacity. The hydrodynamic bearings herein have three 
to four times more load carrying capacity than regular 
contacting ball bearings of the same diameter. By 
removing this amount of heat, the effects of metal 
expansion at high speed operation can be minimized. 

so Accordingly, the diameter of the spindle shaft 14 
and the hydrodynamic bearings 16 can be reduced 
while taking loads similar to those borne by larger diam- 
eter spindles and bearings which allows the spindle 
shaft 1 4 to be driven at higher rotary speeds while pro- 

35 vsding faster and more accurate cutting operations ver- 
sus these larger prior spindles. The smaller spindle unit 
12 of the present invention also reduces the unit load on 
the bearings so that the hydrodynamic bearings 18 
exhibit practically no wear even though run at high 

40 rotary speeds, This is due to the hydrodynamic bearings 
18 which, under the increased loading caused by high 
speed operations which, in turn, reduces the clearance 
and bearing water film thickness, actually has improved 
and increased load carrying capacity, In fact, the opti- 

45 mum speed in terms of stiffness and load carrying 
capacity for running the spindle unit 12 herein is 
between 35,000 and 40,000 rpm's. Rotary speeds 
beiow 30,000 rpm's generally are not sufficient for cre- 
ating the self-generating pressure wafer film in the 

so present hydrodynamic bearings 18. 

At rotary speeds of over 30,000 rpm's, and particu- 
larly at the high end speed of 40,000 rpm's, the sealing 
ot the hydrodynamic bearing pads 18 becomes an 
important consideration. As previously discussed, con- 

55 tacting seals would wear and degrade at the high rpm's 
with which the present spindle shaft 14 is driven. To 
avoid this problem, the present invention utilizes fluid 
barrier seals 32 providing a fluid barrier on the spindle 
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shaft 14 between the bearing fluid pads and cutting 
fluid. The fluid barrier seals 32 can allow for some con- 
trolled bearing fluid leakage from the bearing pads 18 to 
the cutting fluid as more fully discussed below. The 
machine tool assembly can be provided with a cutting 
fluid supply system shown schematically at 34 in FIG. 2. 
The cutting fluid supply system 34 typically utilizes a 
water-based fluid combined with a small amount of a 
water soluble oil additive and can be supplied to the 
tooi/workpiece interface by way of a filter and pump 
arrangement 36. Preferably, the cutting fluid is 95% 
water and 5% water-solubie oil and is filtered by the filter 
elements 37 down to approximately 10 microns. 

In order to utilize the non-contacting fluid barrier 
sea! 32 about the spindle shaft which allows some con- 
trolled bearing fluid leakage as described above, the 
bearing member 16 is designed to take a water-based 
fluid in its bearing pads 1 8. In this manner, any leakage 
through the fluid barrier seal 32 of the finely filtered 
water-based bearing fluid from the bearing pads 18 to 
the cutting fluid at the tool/workpiece interface will not 
hurt the cutting fluid system. The cutting fluid can be 
drawn from sump 38 which is separate from the bearing 
fluid source 20. Because of the water-based nature of 
both the bearing and cutting fluids, it is also possible to 
derive both of these fluids from the same stock fluid for 
use with the spindle unit 1 2 of the present invention. 

Another feature of the invention is the provision of a 
tool adapter 40 and attached a cutting toot 42 for mount- 
ing in a socket 62 at the end of the spindle shaft 14. 
Prior tool adapters with their sharply tapered surfaces 
for fitting in correspondingly tapered spindle sockets 
resulted in tool adapters that were relatively large, 
requiring larger diameter bearings reducing the speed 
at which the spindle could be run. Also, the large size 
resulted in lower acceleration/deceleration rates for 
prior spindles in bringing the spindle up to and down 
from desired operating speeds. The tool receiving 
adapter 40 herein is smaller than conventional tool 
adapters and does not require custom manufacturing of 
tools. The adapter 40 can be utilized with standard off- 
the-shelf cutting tools 42 such as those having a rear 
cylindrical threaded mounting shank 44 and cutting sur- 
faces 46 at the front thereof as shown in FIG. 7A, To 
mount the cutting tool 42 to the tool receiving adapter 
40, the adapter 40 can be expanded or the tool shank 
44 can be contracted so that the shank 44 can be 
inserted into the axial throughbore 48 forming a cylindri- 
cal wall 49 in the adapter 40. It has been found that 
expansion of the fool receiving adapter 40 by heating is 
faster than contracting the tool shank 44, such as by 
emersion in liquid nitrogen, such that it is preferred to 
heat the tool receiving adapter 40. Heating of a cylindri- 
cal wall 49 of the adapter 40 to between 4O0°F. to 500°F. 
will expand the axial bore 48 sufficiently so that the tool 
shank 44 can be inserted therein, as shown in FIG. 7B. 
When the high temperature heat is removed from the 
adapter 40, the cylindrical wall 49 will shrink and clamp 



down onto the mounting shank 44 for securely gripping 
and capturing the tool shank 44 therein. Once the shank 
44 is captured in the bore 48 of the tool receiving 
adapter 40 as by an interference fit therebetween, the 

s adapter 40 and cutting tool 42 become integrated with 
each other so that ready separation of the two requires 
the reapplication of heat to the tool receiving adapter 
40, The tool is precisely positioned on the adapter when 
circular end wall 45 on the cutting tool 42 abuts outer 

ro end 47 on the adapter 40. 

When operating at high speeds of 40,000 rpm's or 
greater, the cylindrical wall 49 tends to expand; and if 
the shank 44 were threaded into a threaded bore, the 
threads might become loose. Hence, it is preferred not 

w to use threads for tool retention. 

Preferably, the cutting tool 42 and adapter 40 are 
combined to constitute an adapter unit 50 to be con- 
nected to the socket 52 on the spindle shaft. The sepa- 
rate adapter unit 50 is a type of special too! for use in the 

so spindle unit 12 of the present invention. Thus, several 
different types of standard, commercially available cut- 
ting tools each can be pre-mounted into an associated 
adapter 40 to form adapter units 50 which can be han- 
dled by automatic too! changers to facilitate changeover 

25 from one cutting tool to the next with the spindle unit 12 
herein. Again, utilizing the adapter unit 50 obviates the 
need to buy or make special tools for fitting with the 
spindle unit 12 as instead, an off-the-shelf tool 42 can 
be utilized with an adapter 40 to form an adapter unit 50 

so for coupling the too! 42 to the spindle shaft 14. 

The shaft 14 is provided with a mounting socket or 
bore 52 in its front or forward end 14a having a slightly 
tapered conical surface which steps down to a smaller 
anchor tool receiving throughbore 54, as best seen in 

35 FIGS. 2 and 7B. The adapter unit 50 has a rear annular 
surface portion 56 and a smaller diameter front annular 
surface portion 58 which projects forwardly of the spin- 
dle shaft 14 when the adapter unit 50 is mounted in the 
socket 52. The adapter unit 50 can come in various 

40 sizes by changing the outer diameter of the front annu- 
lar surface portion 58 such as providing if with diame- 
ters of 1-inch, inch and Vn Inch while keeping the rear 
annular surface portion 56 the same configuration for fit- 
ting into socket 52 and for use with the 50mm hydrody- 

45 namic bearing member 16 and spindle shaft 1 4 herein. 
The rear annular surface portion 56 of the adapter 40 
can be provided with a slight taper from front to back 
which substantially matches that of the taper of a rear, 
bore conical surface 53 for centering of the adapter unit 

so 50 in the spi ndl e shaft, socket bore 52. The cooperating 
slight tapers of the spindle shaft socket bore 52 and 
adapter unit 50 keeps the front of the spindle relatively 
small so that the bearings 18 need not have a large 
diameter which, in turn, allows the spindle rotary speed 

55 in to be increased into the desired range of 30,000 to 
40,000 rpm's tor the present spindle unit 12. Thus, 
adapter unit 50 can be positioned close to an adjacent 
bearing and within the spindle housing and with the tool 
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axially preset, as disclosed in Holtey U.S. Patent 
5,322,494. 

The spindle shaft 14 has a hydraulic conduit system 
60 for delivering high pressure hydraulic fluid such as in 
the range of 9000 psi to 12,000 psi to the spindle socket 
52. As best seen in FIG. 7A, the conduit system 
includes an inlet 61 formed in shaft front end 14a 
spaced radially from the socket 52 and leading to axially 
extending conduit 60a. Hydraulic fluid introduced into 
inlet 61 and axial conduit 60a is fed to the socket 52 by 
way of radial passageways 60b. To fit the adapter unit 
50 in the socket 52, high pressure hydraulics are 
applied through the conduit system 60 to expand the 
socket 54 in diameter. An anchor tool 62 having exter- 
nally threaded end 64 can be extended through anchor 
tod receiving bore 54 with the threaded end 64 project- 
ing into the socket 52 for threading engagement into an 
internally threaded rear portion 66 of the adapter unit 
throughbore 48. Expansion of the socket 52 with the 
high pressure hydraulics allows the anchor tool 62 to 
draw and pull the adapter unit 50 tightly into the socket 
52 for seating of a back wall 50a of the adapter unit 50 
against the annular socket wait 68 formed at the bottom 
of the socket 52 to bottom the adapter unit 50 in the 
socket 52, thus setting the axial position of the special 
tool formed by the unit 50 and off-the-shelf cutting tool 
42 as mounted in the socket 52. That is, the tool inser- 
tion depth is kept constant when the too! adapter 40 is 
inserted fully into the socket to abut bottom socket wall 
68. Thereafter, the hydraulics are removed from the 
conduit system 60 so that the adapter 50 is tightly 
gripped by frictional forces between the slightly tapered 
socket surface 52 and correspondingly tapered rear 
annular surface portion 56 of the adapter 50 to secure 
the adapter 50 in the socket 52 for rotation with the spin- 
dle shaft 14. 

With the present spindle unit 12 and the hydrody- 
namic bearings 18 employed therein, high speed cutting 
operations can be performed with the bearings 18 being 
effective to take the loads generated by the high speed 
rotation of the spindle shaft 14 itseff and also those due 
to the responsive forces generated from cutting during 
the high speed rotary operations of the spindie unit 12. 
This is possible because, as previously mentioned, the 
hydrodynamic bearing pads 18 herein have a high DN 
value and improved load carrying capacities as they are 
capable of supporting three to four times the load of 
similarly sized conventional metal-to-metal contacting 
bearings providing a very stiff machining system even at 
high rotary cutting speeds. In addition, the bearing pads 
18 are designed to utilize water-based bearing fluid so 
that any slight leakage which may occur from the pads 
1 8 to the cutting fluid which is also a water-based fluid 
will not hurt the cutting fluid. As a result, fluid barrier 
seals 32 are utilized as opposed to contacting seais 
which would degrade under the high rotary speeds of 
the spindle shaft 14 herein. The mounting of the cutting 
tool 14 to adapter unit 50 and spindle shaft 14 also 



allows the diameter of the bearings to be kept relatively 
small allowing the rotary speed to be increased. Thus, 
with the higher DN values for the hydrodynamic bear- 
ings herein and their improved load carrying capacity, 

s the rotary speed of the spindle unit 1 2 can be increased 
to operate in the range of 30,000 to 40,000 rpm's for 
high speed and highly accurate cutting operations. 

The preferred and illustrated embodiment ot the 
rotary drive 10 and spindle unit 12 will now be more fully 

to described herein. Referring to FIG. 1, the rotary drive 10 
is an electric motor 70 including a stator armature 72 
and a rotor 74 having the drive shaft 76 of the motor 70. 
The drive shaft 76 is coupled to the spindie shaft 14 by 
a splined connection. The spindle shaft 14 can be pro- 

is vided with internal splines 78 at its rearward end 14b 
and the drive shaft 76 can be provided with externa! 
splines 80 at its forward end 76a which mate with the 
internal splines 78 of the spindle shaft 14 for providing a 
rigid interconnection and joint therebetween, Conven- 

so tionai metal-to-metal contacting ball bearings 82 and 84 
are provided at the front 76a and rear 76b of the drive 
shaft 76, respectively. Because the bail bearings 82 and 
84 only carry the load of the drive shaft and rotor 74, the 
ball bearings can be smaller in size than in a conven- 

25 tionai integrated motorized spindle unit. That is, conven- 
tionally, spindie units are provided in conjunction with 
the motor so that the spindle shafts will carry the rotor 
portion of the motor for being driven thereby. Thus, nor- 
mally in an integrated spindle and motor unit, the bear- 

3a ings for the motor would experience the forces 
generated by operation of the motor as well as the loads 
of the spindie, Instead, with the present arrangement 
where the motor drive shaft 76 has a splined coupling to 
the rear of the spindle shaft 14, the motor is substan- 

35 Salty isolated from those loads experienced by the spin- 
dle herein such as the increased centrifugal forces 
generated at high speed rotation of the shaft, the 
responsive forces from cutting during machining opera- 
tions, and excessive loads which can be produced dur- 

40 ing crash conditions. Instead, those loads are only 
borne by the hydrodynamic bearing pads 18. Thus, the 
bearings 82 and 84 herein can be smaller since they 
only support the drive shaft and rotor and thus do not 
carry much of a load as the rotor only weighs around 1 2 

46 pounds, Accordingly, the bearing life is increased and 
can be expected to be approximately 40,000 hours if 
properly maintained and lubricated. This also allows the 
housing cartridge 86 for the motor 70 to be reduced in 
size which is significant as typically the largest diame- 

w ter-wise element of the motorized spindle is the motor 
housing. In this manner, additional space savings are 
realized with the present spindle unit 1 2. 

For coupling of the spindle unit 12 to the rotary 
drive, a support and coupling section 88 is provided 

55 which includes a central tapered spindle receiving 
recess 90 formed in its forward face 88a. The spindle 
unit housing member 28 includes a rear housing portion 
92 having a rear conical surface 94 designed to be mat- 
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irtgly fit into the tapered recess 90. Thus, the spindle 
unit 1 2 is mounted in its operative position by inserting 
the rear conicai portion 92 thereof into the tapered 
recess 90 for aligning and engaging the internal splines 
78 of the spindle shaft 14 with the externa! splines 80 of 
the motor drive shaft 76. 

The spindle unit 12 is maintained in operative posi- 
tion coupled to the section 88 by way of clamping mech- 
anism 96, as best seen in FIG. 9. The clamping 
mechanism 95 cooperates with an annular mounting 
flange 98 formed on the spindle housing member 92 for- 
wardly of the rear conical portion 94. The clamping 
mechanism 96 clamps the rear of the mounting flange 
98 against the forward face 88a of the support and cou- 
pling section 88. More specifically, the annular fiange 98 
is provided with three equally spaced apertures 100. 
The face 88a of the coupling section can be provided 
with three equally spaced countersunk recesses 102 
formed in the face 88a around the spindle receiving 
recess 90 which can receive three clamping mecha- 
nisms 96 for clamping of the flange 98 to the face 88a. 
The clamping mechanism 96 includes a clamp mount 
1 04 having a cylindrical body portion 106 and a radially 
extending portion 108. The body portion 106 fits tightly 
into the recess 102 with the radial portion 108 drawn 
into abutting engagement with the support section face 
88a by way of threaded fastener 110. The threaded fas- 
tener 110 is received in internally threaded axial bore 
112 formed in the face 88a radially outward from the 
recesses 102. The clamp mount portion 106 includes a 
throughbore 106a into which a clamping device 114 is 
rotatablyfit. 

The clamping device 114 has a top radiaily extend- 
ing finger portion 116 for engaging the front of the 
mounting flange 98 and clamping the mounting flange 
against the forward face 88a of the coupling section 88. 
A bolt 118 is inserted through an axial throughbore 120 
formed in the clamping device 114 with a protruding 
threaded end 1 18a projecting into a threaded bore 122 
aligned with the throughbore 120 and formed centrally 
at the bottom of the recess 102. To remove the spindle 
unit 12, the bolt 118 is loosened to move the bolt end 
1 18a in the bore 122 axially outward allowing the clamp- 
ing device 1 14 to be rotated in the cylindrical body por- 
tion 106 of the clamp mount 104 so as to rotate the 
radially extending finger 1 16 out of engagement with the 
front face of the flange 98. 

In an alternative arrangement, an automatic spring 
clamping mechanism 124 can be provided, as shown in 
FIG. 10. With the automatic spring clamping mecha- 
nism 124, there is a clamp mount 126 mounted in a bore 
128 of the coupling section 88 by way of threaded fas- 
tener 130 screwed into threaded bore 132 spaced radi- 
ally outward from bore 128. A spring clamping device 
134 includes a spring loaded shaft 136 journaled in the 
bore 128 by rear journal member 138 mounted on the 
rear end of the shaft 136. A clamping finger 140 is 
mounted at the forward end of the shaft 136 for engag- 



ing the front of the spindle mounting flange 98 and 
pushing and clamping the back thereof against the front 
face 88a. 

A spring pedestal portion 142 of the rear journal 

5 member 138 is provided and engages the rear of spring 
144 which is mounted in spring housing 146 with its 
coils encircling the shaft 136. The spring housing 146 
fits tightly in an enlarged diameter portion 148 of the 
coupling section bore 128. The forward end of the 

io spring 144 abuts a spacer member at the front of the 
interior of the housing 146. An enlarged diameter flange 
152 of the rear journal member 138 is position rear- 
wardly from the spring pedestal portion 1 42 and is jour- 
naled for rotation with respect in the bore section 1 48 as 

is by bearings 154. With the clamping finger 1 40 in clamp- 
ing engagement with flange 98, the front of the fiange 
152 is spaced slightly from the rear of the spring hous- 
ing 146, as seen in FIG. 10- To disengage the clamping 
finger 140 from the flange 98, an axially directed force 

20 can be applied to the back of the flange 152 such as by 
pneumatic pressure applied between the flange and a 
rear cap member 156 mounted to coupling section 88 
by way of fastener 158 and cooperating bore 160. The 
cap 156 is provided with a central opening 162 in which 

25 the shaft rear end is rotatably journaled as by bearings 
164. Application of pressure between the cap 156 and 
flange 152 causes the flange 152 to move axially for- 
ward against the bias of spring 144 compressing the 
spring and allowing the clamp finger 140 to be rotated 

so out of clamping engagement with the spindle flange 98. 
There are several clamping fingers 1 40 spaced equidis- 
tantty and circumferentialiy about the flange 98 to retain 
the spindle unit coupled to the motor drive unit. As best 
seen in FIG. 10, a circular gear 159, having internal 

35 gear teeth 161 , cooperates with rack teeth 163 extend- 
ing longitudinally along the outer circumference of the 
shaft 136. Thus, as the gear 159 is turned by an air 
motor or the like (not shown), ail of the clamp fingers 
140 are simultaneously rotated either to the clamping 

w position shown or to a non-clamping position. The rack 
teeth 163 allow the shaft 136 to be moved axially, while 
the rack teeth slide along their respectively engaged 
gear teeth 161 on the circular gear 159. 

Referring to FIGS. 3-6, the structure and arrange- 
rs ment of the bearing member 1 6 and the bearing pads 
18 formed thereby will next be more particularly 
described. The bearing member 16 has a substantially 
cylindrical body 164 and a forward annular flange 166, 
as best seen in FIGS. 3 and 4. The body 164 has a 

so cylindrical wall 168 which is integral with the annular 
flange 166. At both the forward end 158a of the cylindri- 
cal wall 168 adjacent the annular flange 166 and the 
rearward end 168b of the cylindrical wall 168, the inner 
surface 170 thereof has inclined surfaces 172 formed 

55 thereon, as best seen in FIG. 5. The forward inclined 
surfaces 172a diverge from the interior of the bearing 
member outwardly away from the axis 15. Similarly, the 
rear inclined surfaces 172b are tapered and diverge 
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from the interior of the bearing member outwardly away 
from the center axis 1 5. 

The cylindrical bearing member 16 is mounted con- 
centrically about the spindle shaft 14 and its axis of rota- 
tion 15, as shown in FIG. 2, The spindle shaft 14 has 5 
forward and rearward flared portions 1 74 and 1 76 which 
cooperate with the inclined surfaces 172a and 172b, 
respectively, on the bearing member 16 to form the 
hydrodynamic bearing pads 18 therebetween. The front 
flared portion 174 of the spindle shaft 14 is preferably 10 
integral with the spindle shaft 14, whereas the rear por- 
tion 176 is in the form of a rear journal member 178 
attached on the shaft 14 at the rear end 1 4b thereof for 
rotation therewith. 

Both the front flared portion and rear flared portion is 
174 and 176 bearing member are circular in cross-sec- 
tion about the axis 15. The bearing member inclined 
surfaces 172a and 172b and the respective spindle 
flared portions 174 and 176 are formed at an angle of 
approximately 30° with respect to the longitudinal axis 20 
15. Because of the inclined orientation of the bearing 
pads 18, the bearings are effective to take both the 
radial and axial loads of the spindle shaft 14. Whereas 
the spindle flared portions 174 and 176 are circular 
about the axis 1 5, the inclined surfaces 1 72a and 1 72b, ss 
and more particularly sections thereof which face corre- 
sponding sections of the flared portions 174 and 176 
are provided with a slightly larger radius of curvature by 
offsetting their centers from the axis 15 for forming the 
lobes 1 78 of the bearing pad. More specifically, for can- 30 
ting of the bearing pad lobes 178, sections of the 
inclined surfaces 172 are in the form of arcs with their 
centers being at a point 1 80 (FIG, 4) located on a refer- 
ence circle 1 82 having its center on the axis 1 5 and of a 
radius of 0.004 inches. The circle 180 is illustrated as 3s 
being enlarged greatly from 0.004 inch radius in order to 
illustrate how the canted lobe is generated. Thus, the 
radius of curvature for the section arcs of the inclined 
surfaces 172 is 0.004 inches greater than that of corre- 
sponding sections of the spindle flared portions 1 74 and 40 
176. In addition, if is preferred that there be five hydro- 
dynamic bearing pads 18 formed around the front 14a 
and rear 14b of the spindle shaft 14 as based on vibra- 
tion analysis testing and taking into consideration the 
use of water as the bearing fluid, the use of five bear- « 
ings as opposed to four is preferred as if has been found 
that the harmonic vibration level will be reduced in half 
with five pads versus four so as to reduce and minimize 
chatter and keep the machining system stiff during high 
speed operations for accurate and precise cutting oper- so 
ations. 

Referring specifically to FIG. 4, the arc sections of 
the inclined surfaces of the five bearing pads each have 
their radius started on circle 132 at five equally spaced 
points 180 therearound. Thus, as can be seen in FIG. 4, ss 
the points 1 80 are spaced at 72° from each other and so 
that a line drawn from the corresponding originating 
point 180 on the circle 182 to the inclined surface sec- 



tion includes the radius of the smaller circle 182 which is 
0.004 inches offset from the center axis 15 so that their 
centers 180 do not coincide with the center 15 of the 
flared portion sections, thus giving the inclined surface 
sections a larger radius of curvature by 0.004 inches 
than the corresponding flared portion sections and pro- 
viding the bearings with a canted lobe profile. With the 
spindle shaft 14 turning, one pad 1 8 will always be pre- 
loading the other adjacent downstream pad as the 
larger portion of the lobe in the pad immediately 
upstream from the downstream pad is adjacent the 
smallest portion of the lobe in the downstream pad 
where the confronting surface sections of the inclined 
surfaces and flared portions are at their minimum oper- 
ating clearance. With the canted lobe profile of the bear- 
ing pads of the present invention, the spindle shaft 14 
can be run at extremely high rotary speeds in a stiff and 
stable fashion. In addition, as previously mentioned, the 
preferred minimum operating clearance is 5 microns so 
that even with momentary overloads placed on the spin- 
dle unit 12, the pressure in the film of water in the bear- 
ing pads 18 will be sufficient to support the load and 
prevent matal-to-metal contact as the water does not 
have enough time to leave or be squeezed out of She 
bearing pads 18 due to the "squeeze-film load effect." 
Therefore, momentary loads do not affect the hydrody- 
namic bearings 1 8 herein as opposed to their damaging 
consequences for conventional contacting bearings. 

As previously discussed, to provide tie bearing 
pads 18 with fluid, water is pumped from sump 20 into 
bearing water entry conduit 26 formed in the bearing 
housing member 28 at the rear thereof and which is 
inclined and extends radially inwardly and axially for- 
wardly to water channels 30 formed between an inner 
surface 190 (FIG. 2) of the housing member 28 and 
outer surface 169 of the bearing cylindrical wall 168. 
The axial channels 30 feed water to a circumferential 
groove 192 (FiGS. 2 and 4) formed intermediate the for- 
ward end 168a and rearward end 168b of the bearing 
member 168. A plurality of radial passageways 194 are 
formed in the groove 192 and extend through to the 
inner surface 170 of the bearing wall 168, The spindle 
shaft 1 4 has a diameter sized so as to provide some 
radial clearance between it and the bearing inner sur- 
face 1 70 allowing water to travel from the exit of the pas- 
sageways 194 axially along the spindle shaft 14 to 
feeder grooves 196 (FIGS. 4 and 6) formed on the 
inclined surfaces 172a and 172b of the bearing mem- 
ber. In this manner, cool water is provided surrounding 
the shaft 14 to cool the spindle proper. Preferably, five 
feeder grooves 196 are provided around the inclined 
surfaces 172a and 172b with the five bearing pads 18 
formed therebetween. Thus, the feeder grooves 196 get 
water from between the spindle shaft 14 and the bear- 
ing member inner surface 170 and feed the water to 
adjacent bearing pads 18 on either side thereof. The 
feeder grooves 196 can be provided with a small V- 
notch 1 98 at the end of the bearing member to allow for 
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water flow therethrough and out of the spindle unit 12 
back to sump 20, as more fully described herein. 

For sealing of the spindle unit 12 and specifically 
the water from the bearing pads 18, a cap and seal 
arrangement 200 (FIG. 2) is provided at the front end 
1 4a of the spindle shaft and a rear sea? member 202 is 
provided at the rear end 14b of the spindle shaft 1 4. The 
cap and seal arrangement 200 includes cap member 
204 attached to the front of the housing 28 by way of 
fasteners 206, as seen in FIGS. 2, 7a and 8. The cap 
member 204 has a centra! opening 206 in which an air 
barrier labyrinth sea! 208 is attached by brazing or weld- 
ing or the like. The air barrier seal 208 closely fits 
around an annular nose portion 210 of the spindle shaft 
front end 14a forwardly of the front flared portion 174 
and in which the socket 52 for the adapter unit 50 is 
formed, When air pressure is applied to the air barrier 
seal 208 during high speed rotary operations, the air 
pressure will create an air cushion 212 between the seal 
208 and the front shaft nose portion 21 0 and, more par- 
ticularly, between axially spaced, radially projecting por- 
tions 214 and 216 of the seal 208 which are connected 
by web 218 and the shaft nose 210. Similarly, the rear 
sea! member 202 has a series of axially spaced, radially 
projecting portions 220 (FIG. 2) which are provided with 
a close tolerance fit with respect to the shaft rear end 
14b. When air pressure is applied, an air cushion devel- 
ops between the projecting portions 220 and the shaft 
rear end 14b similar to air cushion 212. Thus, with the 
air barrier seals herein, there is no contact between the 
seals and the rapidly rotating shaft 14 eliminating the 
wear problems which would be experienced by conven- 
tional contacting seal members. Also, for any bearing 
fluid to I eak from the spindle unit 1 2, it still must pass the 
various radially projecting portions of the seals 202 and 
208 and through the air barrier cushion formed between 
the seals and the shaft 14. 

Referring to FIG. 2, the pressurized air for the seals 
202 and 208 enters the spindle unit 1 2 by way of air 
entry port 222 formed in the conical surface 94 at the 
rear of the housing 28, The pressurized air enters an 
open ended cylindrical plug 224 from which the air is 
directed axially forwardiy to the air barrier seal 208 and 
rearwardly to the sea! member 202. More specifically, 
the housing member 28 has an axial conduit 226 
formed therein aligned with the forward open end of the 
cylindrical plug 224, At the front of the conduit 226, a 
radial passageway 228 is formed in the housing mem- 
ber 28 in communication with the axial conduit 226. The 
radial passageway 228 is aligned with an entry port 230 
formed at the back of the front cap member 204. From 
there, air is directed in the cap member 204 axially for- 
wardly and radially inwardly to the front thereof by axial 
and radial air channel 232 formed therein. Referring to 
FIG. 7A, air from the channel 232 is provided to the air 
barrier seal 208 by exit port 234 aiigned with annular 
cavity 235 formed behind the front radially projecting 
portion 21 6 forwardiy of web 218. Air from the front cav- 



ity 236 flows behind the web 218 to annular rear cavity 
236 formed behind the rear annular projecting portion 
214 rearwardly of the web 218. From the rear cavity 
236, air flows to the annular area 237 between the shaft 

s nose portion 2 1 0 and web 2 1 8 at which circumferential 
groove 238 is formed in the shaft nose 210. In the annu- 
lar area 237, air flows around the shaft nose portion 21 0 
and between its annular surface and the radial project- 
ing portions 21 4 and 21 6 and web 21 8 to develop the air 

jo cushion 212 therebetween, Air exits from the seal 208 
by outlet port 239 aligned with the entry to small radial 
passageway 240 formed in the cap member 204. Air 
leaves the cap member 204 from air outlet 241 in com- 
munication with smali radial passageway 240. 

is For the rear seal 202, air leaves the back open end 
of the cylindrical plug 224 into a radiai conduit 242 
extending radially inward to an axially extending mani- 
fold conduit 244 formed in the seal member 202. From 
the manifold conduit 244, air is supplied fo side circular 

20 passageways 246 formed between the radial projec- 
tions 220 of the seai member 202 and around the rear 
end 1 4b of th e spindle shaft 1 4. Air from the conduit 244 
is also fed by way of a circular conduit 248 around the 
rear seal member 202 to a radial passageway 250 axi- 

2s ally aligned therewith and extending radially inward to a 
central circular passageway 252 extending around the 
spindle shaft rear end 14b intermediate the radially pro- 
jecting portions 220 and the side circular passageways 
246. The central circular passageway 252 is slightly 

30 larger than the side circular passageways 246. Thus, 
pressurized air supplied to the circular passageways 
246 and 252 will cause an air cushion to develop 
between the radially projecting portions 220 and the 
surface of the shaft rear end 14b- An air outlet 253 is 

35 formed at the back of the housing rear conical portion 
92 extending from the conduit 248 to the exterior conical 
surface 94. 

The housing rear conical portion 92 has relief sec- 
tion 254 formed between the rear bearing pads and the 

40 rear seal member 202, as shown in FIG. 2. Bearing 
water return passageways 256 are in fluid communica- 
tion with the relief section 254 and extend axially to the 
front of the housing member 28. Aligned with the front 
openings 256a of the passageways 256 are cutouts 258 

45 formed in the front flange 166 of the bearing member 16 
(FIGS. 3 and 4). Thus, bearing water will flow from the 
grooves 196 between the rear bearing pads 1 8b and out 
from their outlet notches 198 into the relief section 254 
formed in the rear conical portion 92 of the housing 

so member 28. Similarly, bearing fluid wili flow from the 
grooves 196 between the front bearing pads 18a and 
out of their outlet notches 198 into the space 260 
between the back of the cap member 204 and the bear- 
ing flange 266 and into the forward openings 256a of 

55 the return passageways 256 at the flange cutouts 258. 
From there, the bearing water will flow back to the relief 
section 254 where it is removed from the housing 28 by 
bearing water outlets 262 and returned to the bearing 
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fluid sump 20. In this manner, bearing water is continu- 
ally circulated through the bearing pads 18. 

Thus, for the bearing water to leak to the cutting 
fluid, the water must escape from the bearing water flow 
path and not be returned to the relief section 254 and 
instead must go from the space 260 past the air cushion 
212 between the radially projecting portion 214 and the 
shaft nose portion 210. Any small amounts of fluid that 
leaks past the radial projecting portion 214 then must 
also travel past the radial projecting portion 216 and the 
air cushion 212 formed between it and the shaft nose 
portion 210 before it can access the cutting fluid. In this 
manner, the air barrier labyrinth seal 208 presents the 
bearing fluid with a tortuous path through which it must 
travel before reaching the cutting fluid at the front of the 
spindle unit 12, thus limiting and controlling the amount 
of bearing fluid which ieaks from the pads 14 out of the 
spindle unit 12. As the bearing fluid and cutting fluid are 
both water-based fluids, the small controlled amounts of 
bearing water leakage from the spindle unit 1 2 will not 
cause problems for the cutting fluid in its various func- 
tions, such as for cooling, lubricating and removing 
chips from the tool/workpiece interface. 

While there have been illustrated and described 
particular embodiments of the present invention, it will 
be appreciated that numerous changes and modifica- 
tions will occur to those skilled in the art, and it is 
intended in the appended claims to cover all those 
changes and modifications which fall within the true 
spirit and scope of the present invention. 

Claims 

1. A detachable spindle unit for mounting and dis- 
mounting in a motorized drive unit having a drive 
shaft; 

an outer stationary housing having a tool 
receiving end and a driver mounting end; 
a rotatabie spindle shaft mounted in the sta- 
tionary housing for rotatabie about an axis co- 
axial with the drive shaft axis; 
a coupling end on the spindle shaft for auto- 
matic coupling to an end of the drive shaft and 
to provide a driving torque coupling between 
the spindle shaft and the driver in response to 
attachment of the spindle drive unit to the 
motorized drive unit; 

fluid bearing in the stationary housing for sup- 
porting the spindle shaft for rotation about the 
spindle axis for taking the tool radial loads and 
for taking the tool axial loads; and 
fluid conduits within said stationary housing for 
conveying pressurized bearing fluid to and from 
the stationary housing. 

2. A detachable unit in accordance with Claim 1 
wherein the fluid bearings comprise at least one 



bearing having inclined stationary portions of the 
bearing inclined to the spindle axis and facing 
inclined portions on the spindle shaft to take both 
the radial and axial tool loads. 

3. A detachable unit in accordance with Claim 2 
wherein the fluid bearings are substantially conical 
in shape and are hydrodynamic bearings, 

io 4. A detachable unit in accordance with Claim 3 
wherein a tod fe inserted into the stationary hous- 
ing and located adjacent a hydrodynamic bearing. 

5. A detachable unit in accordance with Claim 1 
is wherein a tool receiving bore extends within the 

stationary housing and extends proximately a for- 
ward fluid bearing of the spindle to mount an 
inserted end of the tool adjacent the forward fluid 
bearing to increase stiffness. 

6. A detachable unit in accordance with Claim 5 
wherein a shrink fit connection is provided between 
the spindle shaft and the tool end inserted into the 
bore. 

7. The spindle unit of Claim 6 wherein a hydraulic con- 
duit is provided in the spindle shaft to receive high 
pressure hydraulic fluid to expand the bore to over- 
come the shrink fit attachment for tool replacement. 

30 

8. In a machine tool for machining a workpiece at 
speeds of 20,000 rpm's or greater, the combination 
comprising: 

35 a stationary housing; 

a spindle shaft mounted in the stationary hous- 
ing and for rotating a tool to machine a work- 
piece at speeds of 20,000 rpm's or greater; 
fluid bearings in the stationary housing mount- 

40 ing the spindle shaft for rotation about an axis 

through the spindle shaft for taking axial and 
radial loads from the spindle shaft; 
conduits in the housing for delivering and 
removing bearing fluid from the fluid bearings; 

45 seals adjacent the fluid bearings and cooperat- 

ing with the rotating spindle to stop liquid leak- 
age from the fluid bearings; and 
at least one of the fluid bearings, including 
rotating inclined bearing pads, on the rotating 

so spindle shaft and stationary inclined bearing 

pads in the stationary housing, fie bearing 
pads being inclined to the rotational axis of the 
spindle to take combined and axial bads from 
the tool. 

55 

9. A machine tool in accordance with Claim 8 wherein 
a pair of the fluid bearings having inclined bearing 
pads on the spindle shaft, and stationary inclined 
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pads in the housing take the combined radial and 
axial cutting tool loads. 

10. A machine tool in accordance with Claim 8 wherein 
the fluid bearings are hydrodynamic bearings. 

11. Irs a machine tool assembly having a rotary drive for 
rotating a cutting tool at a speed of at least 30,000 
rpm's while cutting a workpiece, a spindle unit com- 
prising: 

a stationary housing; 

a spindle shaft mounted in the stationary hous- 
ing and being driven by the rotary drive to 
rotate the spindle shaft about its longitudinal 
axis and to rotate the tool which is connected to 
the spindle shaft; 

hydrodynamic bearings supporting the spindle 
shaft for rotation about its longitudinal axis; 
fluid channels in the housing for delivering 
pressurized bearing fluid to the hydrodynamic 
bearings; 

floating ring seals encircling the spindle shaft 
for preventing the outward flow of bearing fluid 
from the hydrodynamic bearings; 
the floating ring seals having inner, circumfer- 
ential surfaces spaced from the spindle shaft; 
air flow conduits in the housing for delivery 
pressurized air to the flow ring seals and there- 
after to remove air from the flow ring seals; and 
air flow passageways in the floating ring seals 
to deliver air to the clearance space between 
the spindle shaft and the inner surface floating 
ring seal to keep the ring seals from contacting 
the spindle shaft and to maintain the seals con- 
centric about the shaft. 

1 2. The machine tool assembly of Claim 1 1 wherein the 
too! assembly is adapted to be tilted, and the spin- 
dle shaft changes its attitude, the pressurized air in 
the clearance space keeping the ring seals from 
contacting the spindle shaft, 

13. The spindle unit of Claim 11 further comprising an 
air labyrinth seal for controlling and minimizing 
water leakage from the bearing pads to the 
tool/workpiece interface. 

14. The spindle unit of Claim 1 1 including bearing fluid 
feed means for feeding filtered water through the 
hydrostatic bearings at a rate of 3-4 gallons per 
minute which is supplied to the pads at ambient 
temperatures of around 70"F. and exits at a temper- 
ature of around 120°F. to remove heat from and 
cool the spindle during a cutting operation. 

15. The spindle unit of Claim 12 wherein the spindle 
shaft has a diameter sized sufficiently small so that 



the DN value of the spindle diameter at the bearing 
pads multiplied by the spindle rotary speed is in the 
range of 1 ,500,000 to 2,000,000. 

s 16. The spindle unit of Claim 15 wherein the spindle 
shaft diameter is approximateiy 50mm and the 
rotary drive can rotate the spindie at rotary speeds 
of up to 40,000 revolutions per minute. 

io 17. The spindle unit of Claim 11 wherein the spindle 
shaft includes a front flared portion and a rear flared 
portion and the hydrodynamic bearing pads are 
spaced circumferentially around the front and rear 
flared portions to carry both radial and thrust loads 

is of the spindle during cutting operations. 

18. The spindle unit of Claim 17 wherein the bearing 
member has front and rear inclined substantially 
annular surfaces which extend around the corre- 

so spending spindle front and rear flared portions with 
facing sections of the inclined annular surfaces and 
flared portions cooperating to form the circumferen- 
tially spaced bearing pads, the sections of the 
annufar surface having a slightly larger radius of 

ss curvature than tti e corresponding facing flared por- 
tion sections to provide the pads with a canted lobe 
profile. 

19. The spindle unit of Claim 18 wherein the spindle 
30 shaft diameter at the bearing pads is approximately 

50mm; and 

the radius of curvature of the annular surface 
sections of each of the pads is from a point offset 
approximately 0.004 inches from the center of the 

3S spindle flared portion sections along the axis of 
rotation to provide each of the pads with a canted 
lobe profile wherein the annular surface sections 
and corresponding flared portion sections have a 
minimum operating clearance therebetween from 

40 which the annular surface sections diverge away 
from their corresponding flared portion sections. 

20. The spindle unit of Claim 1 8 wherein at least four 
bearing pads are formed around the spindle shaft 

45 at both the front and rear flared portions thereof to 
minimize vibrations and stabilize the spindle at high 
rotary speeds. 

21. The spindle unit of Claim 20 wherein five equally 
so spaced bearing pads are formed around the spin- 
dle shaft. 

22. A machine fool assembly having a rotary drive 
including a drive shaft for rotating a cutting tool hav- 

55 ing a mounting shank and cutting surface to cut a 
workpiece, the machine tooi assembly including a 
spindle unit between the drive shaft and too! for 
transmitting the rotary motion of the rotary drive to 
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the tool, the machine tool assembly comprising: 

a spindle shaft for rotation about an axis carry- 
ing the cutting tool at its forward end and cou- 
pled to the drive shaft at its rearward end for 
high speed rotation therewith; 
a hydrodynamic bearing member fixed relative 
to the spindle shaft and concentric with the 
spindle shaft about its axis; 
hydrodynamic bearing pads between the bear- 
ing member and spindle shaft to carry radial 
and axial ioads generated by rotation of the 
spindle and cutting operations with the tool car- 
ried by the spindle; 

cutting fluid supply means in the machine tool 
assembly for supplying the tool/workpiece 
interface with cutting fluid to cool the tool and 
remove chips generated during cutting opera- 
tions on the workpiece; and 
a too! receiving bore a! the front of the spindle 
shaft for receiving and securely capturing the 
tool adapter being captured in the spindle tool 
bore by one of expanding the spindle tool bore 
to allow the adapter to be inserted and then to 
be contracted to grip the tool adapter tightly. 

23, The machine tool assembly of Claim 22 wherein the 
adapter has an expendable bore which is to be 
expanded by heating to between 400°F. to 50G°F. 
and then shrink-f rtted tightly onto the mounting 
shank of the tool tor clamping onto its shank. 

24, The machine too! assembly of Claim 22 wherein the 
spindle shaft front end includes a mounting bore for 
the adapter unit and a hydraulic conduit system tor 
application of high pressure hydraulic fluid to the 
mounting bore to mount the adapter unit in the bore 
with the bore being expanded by application of high 
pressure hydraulic fluid into the conduit system to 
allow the adapter unit to be pulled tightly into the 
front end mounting bore for rotation of the adapter 
unit and cutting toof mounted therein by the spindie 
shaft. 

25, The machine tool assembly of Claim 24 including 
hydraulic fluid pressurizing means for supplying 
hydraulic fluid at pressures In the range of 9000 psi 
to 12000 psi to the hydraulic conduit system. 

26, The machine tool assembly of Claim 22 including a 
fluid feed means for supplying filtered hydrody- 
namic bearing fluid through the bearing pads and 
filtered cutting fluid to the tool cutting surface at the 
tool/workpiece interface with the bearing and cut- 
ting fluid being derived from the same base fluid. 

27, The machine tool assembly of Claim 26 wherein the 
bearing fluid is water and the fluid feed means 



includes first filter elements for removing particles 
of a size greater than approximately two microns 
from the bearing fluid and the cutting fluid is water 
having a water soluble oil additive mixed therewith 

5 and the fluid feed means i ncludes second filter ele- 
ments for removing particles of a size greater than 
approximately ten microns from the cutting fluid 
such that leakage of the bearing fluid to the tool cut- 
ting surface does not contaminate the cutting fluid 

10 thereat. 

28, A method for machining of workpieces by high 
speed rotation of a spindle and tool carried thereby 
with the spindle carrying the tool at its forward end 

is and coupled to a drive shaft of a rotating drive at its 
rearward end for driving the spindle for high speed 
rotation therewith and supported by hydrodynamic 
bearings for carrying the spindle loads during its 
high speed rotation, the machining method com- 

so prising: 

rotating the spindle and tool at speeds of over 
30,000 revolutions per minute; 
feeding fluid through the hydrodynamic bear- 
S5 ings to support and cool the spindle during high 

speed rotation thereof; 

recirculating the bearing fluid through filters to 
continually flush and clean the bearings; and 
flowing air through a seal at the forward end of 
so the spindle to limit leakage of bearing fluid 

through the seal to the cutting fluid provided to 
the tool/workpiece interface. 

29. The method of Claim 28 wherein bearing fluid is fed 
35 to the bearings at ambient temperatures and exits 

the spindle at substantially higher temperatures to 
remove heat from and cool the spindie during 
machining operations. 

40 30. The method of Claim 29 wherein the bearing fluid is 
fed at a rate of approximately three to four gallons 
per minute and at a temperature of approximately 
70° F. and exits at a temperature of approximately 
120"F. 

31 . The method of Claim 28 further including the steps 
of: 

providing a tool receiving adapter at the tor- 
so ward end of the spindle in which a shank of the 
tool is captured; 

expanding the tool receiving adapter to remove 
the tool sfiank therefrom; 
inserting a shank of a new tool Into the tool 
ss receiving adapter; and 

shrinking the adapter onto the new tool shank 
to grip and secure the shank tightly in the tool 
receiving adapter. 



13 



25 EP 0 852 170 A2 

32. The method of Ciaim 31 wherein the tool receiving 
adapter is expanded by heating the tool receiving 
adapter to a temperature in the range of approxi- 
mately 400°F. to approximately 500°F. 

33. The method of Giaim 31 wherein the spindle is pro- 
vided with an adapter receiving bore at its forward 
end and a hydraulic conduit system, and the 
adapter is inserted into the bore by engaging the 
adapter with an anchor tool, pulling the adapter at 
least partially into the bore with the anchor tool, 
supplying high pressure hydraulic fluid to the con- 
duit system to expand the bore, puiSing the adapter 
the remainder of the way into the expanded bore, 
and removing the high pressure hydraulics to alSow 
the spindle forward end to grip tightly onto the 
adapter fully inserted in the adapter bore, 

34. The method of Claim 33 wherein high pressure 
hydraulic fluid is supplied in the range of approxi- 20 
mately 9,000 psi to approximately 12,000 psi. 
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